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ADJUSTMENT OF BIAS CURRENT 
IN A FIRST INTEGRATED CIRCUIT BASED ON A SIGNAL 
GAIN OF A SECOND INTEGRATED CIRCUIT 

5 BACKGROUND OF THE INVENTION 

L Field of the Invention 

The present invention relates to communications circuits. More 
particularly, the present invention relates to novel and improved techniques for 
10 adjusting the bias currents of circuits in a first integrated circuit (IC) based on a 
signal gain of a second IC- 

II. Description of the Related Art 

The design of a high performance transmitter is made challenging by 

15 various design considerations. First, high performance is required for many 
applications. High performance can be defined by the linearity of the active 
devices (e.g., amplifiers, mixers, etc.) and their noise performance. Second, for 
some applications such as cellular communications systems, low power 
consumption is an important design goal because of the portable nature of the 

20 cell phones or remote stations. Generally, high performance and low power 
consumption impose conflicting design constraints. 

In addition to the above design goals, some transmitters are required to 
provide a wide range of adjustment in their transmit output power. One 
application that requires this wide power adjustment is a Code Division 

25 Multiple Access (CDMA) communications system. In the CDMA system, the 
signal from each user is spectrally spread over the entire (e.g., 1.2288 MHz) 
system bandwidth. Thus, the transmitted signal from each transmitting user 
acts as interference to those of other users in the system. To increase system 
capacity, the output power of each transmitting remote station is adjusted such 

30 that a required level of performance (e.g., a particular bit error rate) is 
maintained while minimizing interference to other users. 

The transmitted signal from the remote station is affected by various 
transmission phenomenons, including path loss and fading. These 
phenomenons, in combination with the need to control the transmit power, can 

35 impose a difficult specification on the required transmit power control range. 
In fact, for the CDMA system, each remote station transmitter is required to be 
able to adjust its output power over a range of approximately 85 dB. 
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The linearity of the remote station transmitter is also specified for the 
CDMA system (i.e., indirectly by an adjacent channel power rejection ACPR 
specification). For most active circuits, linearity is determined, in part, by the 
amount of current used to bias the circuits. Greater linearity can generally be 
5 achieved by using greater amounts of bias current. Also, greater range of 
linearity is needed for larger signal levels, which again can be achieved by 
using greater amounts of bias current 

To achieve the required level of linearity at all (including high) output 
power levels, the active circuits in the transmit signal path can be biased with 

10 large amounts of current. For example, the active circuits can be biased with 
the amount of bias current that provides the required level of linearity at the 
maximum specified output power level. This would ensure that the required 
level of linearity is provided at all transmit power levels. However, this 
scheme consumes large amounts of bias current at all times, even during 

15 transmissions at lower output power levels, thus resulting in wasteful 
consumption of power. 

To further complicated matter, the transmit signal path may be 
implemented using two or more integrated circuits (ICs). For example, an IF 
portion of the transmit signal path may be implemented on one IC and a RF 

20 portion may be implemented on another IC. An. effective and efficient bias 
control mechanism would need to integrate the gain and bias controls of both 
portions to provide the required performance while conserving power. 

SUMMARY OF THE INVENTION 

25 The present invention provides techniques to adjust the bias currents of 

active circuits implemented on one integrated circuit (IC) based on signal 
gain(s) of variable gain element(s) implemented on another IC. Generally, the 
bias current for a particular active circuit affects various performances 
including linearity, noise figure, frequency response, and others. The amount 

30 of bias current that provides the required level of performance is dependent on 
the input signal or power level provided to the active circuit The power level 
can be inferred from the gain control signal(s) used to control the variable gain 
elements located prior to the active circuit in the transmit signal path. 

An embodiment of the invention provides a method for controlling a 

35 bias current of an active circuit in a transmit signal path. In accordance with 
the method, at least one gain control signal is received, with each gain control 
signal being indicative of a signal gain of a variable gain element located prior 
to the active circuit in the transmit signal path. A signal (or power) level of an 
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input signal provided to the active circuit is then estimated, with the estimated 
input signal level being based, in part, on the received at least one gain control 
signal. A bias current for the active circuit is determined based, in part, on the 
estimated input signal level. The active circuit is biased with the determined 
5 bias current 

The method is particularly advantageous when the input signal is 
provided from one IC and the active circuit is implemented on another IC. The 
input signal can be provided from an IF portion of the transmit signal path and 
the active circuit can be a part of a RF portion. The biased current can be 

10 limited to a range defined by an upper bias current and a lower bias current 
(which can be set, for example, at 10 to 50 percents of the upper bias current). 
The active circuit can be, for example, a mixer, a buffer, an amplifier, or other 
types of active circuits. 

Another embodiment of the invention provides a transmitter that 

15 includes at least one variable gain element, at least one active circuit, a gain 
control circuit, and a bias control circuit. The variable gain element(s) are 
implemented on a first IC and the active circuit(s) are implemented on a second 
IC, with the output of the first IC operatively coupled to an input of the second 
IC. The gain control circuit, couples to the variable gain element(s) and 

20 provides a gain control signal for each variable gain element The bias control 
drcuit(s) couples to the gain control circuit and to a select one or more of the 
active circuit(s), and provides a bias signal for each selected active circuit The 
bias signal is generated in accordance with the gain control signal(s) from the 
gain control circuit Each variable gain element can be implemented as a 

25 variable gain amplifier (V GA), an attenuator, a multiplier, or other circuits. The 
bias control circuit can be implemented with a pair of "current steering 
differential pair" and a pair of (programmable) current sources, one current 
source for each current steering differential pair. A bandgap reference circuit 
can be used to provide a reference current that is stable over temperature and 

30 power supply variations. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The features, nature, and advantages of the present invention will 
become more apparent from the detailed description set forth below when 
35 taken in conjunction with the drawings in which like reference characters 
identify correspondingly throughout and wherein: 

FIG. 1 shows a simplified block diagram of an embodiment of a 
transmitter; 
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FIG. 2 shows a simplified block diagram of a specific implementation of 
a transmitter; 

FIG. 3 shows a diagram of a CDMA spread spectrum signal and 
distortion components generated by non-linearity in the transmit signal path; 
5 FIG. 4 shows a plot of the signal swing of a circuit in the transmit signal 

path for a particular bias current setting; 

FIG. 5 shows plots of the bias current 1^ and the signal current 1^ for a 
particular active circuit in the transmit signal path versus input power level 
into the circuit; 

10 FIG. 6 shows a plot of the IF output power level versus IF gain control; 

FIG. 7 shows plots of the minimum bias current \ la5iB)in and the nominal 
_ bias current for a circuit in the transmit signal path versus gain control 

values; and 

FIG. 8 shows a schematic diagram of an embodiment of a bias control 
15 circuit used to generate a bias current 1^ having a transfer function resembling 
the hyperbolic function shown in FIG. 7. 

DETAILED DESCRIPTION OF THE SPECIFIC EMBODIMENTS 

FIG. 1 shows a simplified block diagram of an embodiment of a 

20 transmitter 100. A digital processor 110 generates data, encodes and modulates 
the data, and converts the digitally processed data into an analog signal. The 
analog signal is provided to a baseband (BB) buffer 122 that buffers the signal 
and provides the buffered signal to a mixer 124. Mixer 124 also receives a 
carrier signal (e.g., a sinusoid) at an intermediate frequency (IF LO) and 

25 upconverts or modulates the buffered baseband signal with the IF LO to 
generate an IF signal. The IF signal is provided to an IF variable gain amplifier 
(IF VGA) 126 that amplifies the signal with a gain determined by a gain control 
signal 128 from a gain control circuit 130. The amplified IF signal is provided 
to a filter 132 that filters the IF signal to remove out-of-band noise and 

30 undesired signals. Filter 132 is typically a bandpass filter. 

The filtered IF signal is provided to an IF buffer 142 that buffers the 
signal and provides the buffered IF signal to a mixer 144. Mixer 144 also 
receives another carrier signal (e.g., a sinusoid) at a radio frequency (RF LO) 
and upconverts the buffered IF signal with the RF LO to generate a RF signal. 

35 Mixer 124 and 144 can each be a single sideband mixer or a double sideband 
mixer. For a single sideband mixer, one or more phase shifters may be used to 
generate carrier signals having the proper phases. The RF signal is provided to 
a RF VGA 146 that amplifies the signal with a gain determined by a gain 
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control signal 148 from gain control circuit 130. The amplified RF signal is 
provided to a power amplifier (PA) driver 150 that interfaces with subsequent 
circuitry such as an external filter (i.e., for filtering of image and spurious 
signals) and a power amplifier (both elements not shown in FIG. 1). The PA 
5 provides the required signal drive, and its output couples to an antenna via an 
isolator and a duplexer (not shown in FIG. 1). 

The transmit signal path shown in FIG. 1 includes an IF signal path and a 
RF signal path (or an IF and a RF portion). The IF signal path can include BB 
buffer 122, mixer 124, IF VGA 126, and possibly filter 132. The RF signal path 

10 can include IF buffer 142, mixer 144, RF VGA 146, and PA driver 150. 
Generally, the IF signal path includes circuit elements that receive the analog 
(baseband) signal (e.g v from the digital processor) and generate a processed 
(e.g., upconvertered and/or modulated) IF signal. The RF signal path includes 
circuit elements that receive the processed IF signal and generate the output RF 

15 signal. 

Various modifications can be made to the transmitter embodiment 
shown in FIG. 1. For example, fewer or additional filter, buffer, and amplifier 
stages can be provided in the transmit signal path. Moreover, the elements 
within the signal path can be arranged in different configurations. In addition, 

20 the variable gain in the transmit signal path can be provided by VGAs (as 
shown in FIG. 1), variable attenuators, multipliers, other variable gain 
elements, or a combination of the above. In a specific implementation, the IF 
signal path from BB buffer 122 to IF VGA 126 is implemented within one 
integrated circuit and the RF signal path from IF buffer 142 to PA driver 150 is 

25 implemented within a second integrated circuit, although a different number of 
integrated circuits can be used. 

In one specific transmitter embodiment, quadrature modulation is 
performed on an inphase (I) baseband signal and a quadrature (Q) baseband 
signal from the digital processor. In this design, a pair of BB buffers buffer the I 

30 and Q baseband signals and a pair of mixers modulate the buffered I and Q 
baseband signals with the inphase and quadrature IF LOs, respectively. The I 
and Q modulated signals are then combined to generate the IF signal. In 
another specific transmitter embodiment, quadrature modulation is performed 
digitally within the digital processor, and the modulated signal is then 

35 upconverted to IF or RF using one or more frequency upconversion stages. 

Transmitter 100 can be used in many communication applications, such 
as cellular communication systems. Examples of cellular communication 
systems include Code Division Multiple Access (CDMA) communications 
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systems, Time Division Multiple Access (TDMA) communications systems, and 
analog FM communications systems. CDMA systems are typically designed to 
conform to the ''TTA/EIA/IS-95-A Mobile Station-Base Station Compatibility 
Standard for Dual-Mode Wideband Spread Spectrum Cellular System," 
5 hereinafter referred to as the IS-95-A standard. CDMA systems may also be 
designed to conform to the TIA/EIA/IS-98-A, -B, and -C standards entitled 
'■Recommended Minimum Performance Standard for Dual-Mode Spread 
Spectrum Cellular and PCS Mobile Stations," hereinafter collectively referred to 
as the IS-98 standard. 

10 The IS-95-A standard requires the output power from a remote station to 

be adjustable over a range of 85 dB in specified (e.g., 0.5 dB) increments. 
; Typical remote stations are designed to transmit from between approximately - 
50 dBm to +23 dBm. Typically, the circuits in the transmit signal path amplify 
or attenuate the signal so that a proper signal level is provided to the PA that 

15 interfaces with the antenna. In some transmitter embodiments, the output PA 
is designed with a fixed gain but variable drive capability. The variable drive 
can be provided by a PA design having multiple (i.e., parallel) drivers that can 
be selectively turned off when not required. 

For some transmitter embodiments, and particularly for transmitter 

20 embodiments having fixed gain PAs, the required power control adjustment is 
provided by the VGAs in the transmit signal path. One VGA is typically not 
able to provide the entire (e.g., 85 dB) of gain adjustment and multiple cascaded 
VGAs are often used. The total required gain control range can be: 1) split 
between the IF VGA and the RF VGA, 2) provided entirely by the IF VGA, or 3) 

25 provided entirely by the RF VGA. 

In some transmitter embodiments, one VGA is designed with fine gain 
adjustment (e.g., in increments of 0.5 dB) and the remaining VGA(s) are 
designed with coarse gain adjustment (e.g., in increments of several dBs or 
more). The coarse gain adjustment VGA can have two or more gain settings 

30 (e.g., low, intermediate, and high gains), with each gain setting corresponding 
to a particular range of transmitter output power levels. In some oilier 
transmitter embodiments, the VGAs can be designed to have variable (i.e., 
continuous) gain adjustment. The gains of the VGAs are typically controlled in 
a manner to provide high performance (i.e., improved linearity and reduced 

35 noise). Each VGA is typically controlled by its own gain control signal, 
although it is possible to control multiple VGAs with a common gain control 
signal. 
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The VGAs are designed to provide the required gain adjustment. The 
VGAs and other active circuits in the transmit signal path are also designed to 
provide the required level of linearity. The linearity of most active circuits is 
determined, in part, by the amount of current used to bias the circuits. Greater 
5 linearity can generally be achieved by using greater amounts of bias current 
Also, greater range of linearity is also needed for larger signal levels, which 
again can be achieved by using greater amounts of bias current. 

The transmit signal path is typically designed to provide the required 
level of performance (i.e., linearity) at the worst case (i.e., maximum) output 

10 power level. The required level of performance can be achieved by biasing the 
circuits in the transmit signal path with high bias current However, for some 
transmitters such as those in CDMA remote stations, the maximum 
transmission, condition occurs only some of the time. Thus, in accordance with 
the invention, the bias currents of the circuits in the transmit signal path are 

15 reduced when not required (i.e., when transmitting at less than the maximum 
output power level). 

. As shown in FIG. 1, a bias control circuit 160a receives gain control 
signal 128 and can adjust the-bias-eurrents of IF buffer 142, mixer 144, and RF 
VGA 146 based on the received gain control signal. Similarly, a bias control 

20 circuit 160b receives gain control signals 128 and 148 and can adjust the bias 
current of PA driver 150 based on the received gain control signals. The 
adjustment of the bias currents based on the gain control signals is described 
below. 

FIG. 2 shows a simplified block diagram of a specific implementation of 
25 a transmitter 200. The elements shown in FIG. 2 generally correspond to 
similarly labeled elements in FIG. 1. More specifically, digital processor 220, 
VGA 226, filter 232, buffer 242, mixer 244, VGA 246, PA driver 250, and bias 
control circuits 260a and 260b in FIG. 2 correspond to digital processor 120, IF 
VGA 126, filter 132, IF buffer 242, mixer 144, RF VGA 146, PA driver 150, and 
30 bias control circuits 160a and 160b in FIG. 1, respectively. As shown in FIG. 2, 
the IF signal path is implemented within a first integrated circuit (IC) 202, the 
RF signal path is implemented within a second IC 204, and filter 232 is 
implemented as a discrete filter (e.g v surface acoustic wave SAW filter). 

As shown in FIG. 2, IC 202 includes an input pin (labeled as V^^) that 
35 receives a gain control signal V ffl used to adjust the gain of IF VGA 226. IC 
204 includes an input pin (labeled as Gd^) that receives a gain control signal 
v klgain used t0 adjust the gain of RF VGA 246. IC 204 further includes an input 
pin (labeled as IFTVC) that receives a gain control signal used to control bias 
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control circuits 260a and 260b. In accordance with an aspect of the invention, 
the gain control signal for the IF signal path is provided as a bias control 

signal for the RF signal path (i.e., provided to the IFTVC pin on IC 204). 

Implementation of the transmit signal path using multiple ICs may be 
5 dictated by a number of design considerations such as, for example, the need to 
isolate the RF circuits for improved performance (e.g., noise consideration), 
compatibility with existing transmitter designs, lower cost, and others. The 
used of multiple ICs for the transmit signal path can complicate the design of 
an efficient and effective bias control mechanism for the reasons described 
10 below. 

FIG. 3 shows a diagram of a CDMA spread spectrum signal and 
distortion components generated by non-linearity in the transmit signal path. 
The CDMA signal has a particular (e.g., 1.2288 MHz) bandwidth and a center 
frequency that is dependent on the operating mode (e.g., cellular or PCS). The . 

15 distortion components are generated from the CDMA signal itself due to third 
and higher order non-linearity in the circuits in the transmit signal path. The 
distortion components, which are also referred to as spectral regrowth, cover 
the frequency band of the CDMA signal and the adjacent frequency bands. The 
distortion components act as interference on the CDMA signal and on the 

20 signals in the adjacent bands. 

For third order non-linearity, signal components at frequencies of w a and 
w b produce intermodulation products at frequencies of (2w a -w b ) and (2w b -Wa). 
Thus, in-band signal components can produce intermodulation products that 
can fall in-band or near band. These products can cause degradation in the 

25 CDMA signal itself and the signals in the adjacent bands. To compound the 
problem, the amplitude of the third-order intermodulation products is scaled 
by g a # Sb 2 g a 2# g^ where g a and g b are the gains of the signal components at 
w a and w b , respectively. Thus, every doubling of the amplitude of the CDMA 
signal produces an eight-fold increase in the amplitude of the third order 

30 products. 

For CDMA systems, the linearity of the remote station transmitter is 
specified by the adjacent channel power rejection (ACPR) specifications in the 
IS-95-A and IS-98 standards. The ACPR specifications typically apply to the 
entire transmit signal path, including the PA. The ACPR specifications are 
35 typically "apportioned" to different portions of the transmit signal path, each of 
which is then designed to meet the apportioned specifications. For example, 
the portion of the transmit signal path shown in FIG. 1 (up to and including PA 
driver 150) may be required to maintain the distortion components at -52 dBc 
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per 30 KHz bandwidth at 885 KHz offset from the CDMA center frequency, 
and -64 dBc per 30 KHz bandwidth at 1.98 MHz offset. 

FIG. 4 shows a plot of the signal swing of a circuit in the transmit signal 
path for a particular bias current setting. As can be seen, the required bias 
5 current is dependent on the signal swing and should be set at least half the 
peak-to-peak signal swing for a class A amplifier. The linearity of the circuit 
typically degrades as the signal deviates further from the bias point, with the 
actual amount of non-linearity being dependent on the particular circuit design. 
Thus, the linearity of the output signal (e.g., the amount of spectral regrowth) is 

10 dependent on both the bias current and the signal swing 

Generally, the amount of bias current required for a particular active 
circuit is dependent on the power (or signal) level of the input signal into the 
circuit. For a specific input power level P^, simulation can be performed or 
empirical measurements can be made to determine the minimum bias current 

15 for the circuit that will satisfy the ACPR specification and other performance 
criteria (e.g., noise figure and bandwidth). For example, for the transmitter 
embodiment shown in FIG. 1, the minimum bias currents that result in 
compliance with the IS-95-A ACPR specification can be individually 
determined for the buffers, mixers, VGAs, PA driver, and PA when the 

20 transmitter is transmitting at the maximum output power level. The simulation 
or measurement can then be repeated for these circuits at other power levels. 

FIG. 5 shows plots of the bias current 1^ and the signal current I dgnaI for a 
particular active circuit (e.g., buffer 242, mixer 244, VGA 246, or PA driver 250 
in FIG. 2) in the RF signal path versus input power level ?. m into the circuit. 

25 These plots can be generated from the data obtained above through simulation 
or empirical measurements. Generally, the signal current I dgnaI increases as the 
input power level P ta increases, and decreases as the input power level 
decreases (approaching zero signal current at zero input power level). The 
relationship between the signal current and the input power level may not be 

30 linear, and is typically dependent on the particular circuit design, the 
technology used, the power supplies, temperature, and other factors. 

As shown in FIG. 5, the bias current I bia5 for the active circuit is typically 
set higher than the signal current I dgnal , with the difference decreasing at higher 
input power levels and increasing at lower input power levels. At higher input 

35 power levels, a large amount of bias current is already used for the circuit and 
the amount of "over-bias" is reduced in order to conserve supply current At 
lower input power levels, only a small amount of bias current is required by the 
circuit and the amount of over-bias is increased to ensure proper RF 
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performance (e.g., bandwidth, noise performance) without expending an 
excessive amount of supply current. 

FIG. 5 shows plots for one active circuit in the RF signal path. A similar 
set of plots can be generated for each active circuit in the RF signal path. The 
5 data from these plots is used to adjust the bias currents of the active circuits, as 
described below. 

As noted above, the bias current for each active circuit in the RF signal 
path can be adjusted based on its input power level P^, or more specifically the 
power level at the input of the circuit. The input power level can be 

10 determined using various methods, some of which are described below. 

In a specific transmitter design, a power detector is coupled to the 
transmit signal path, preferably after the variable gain element in the IF signal 
path. For example, the power detector can be placed after VGA 226 in FIG. 2 
(i.e., at the output of IC 202) or after filter 232. The power detector detects the 

15 IF output power level and provides this information to the bias control circuit. 
The bias control circuit then adjusts the bias current of subsequent circuits in 
the RF signal path based on the detected power level. The use of a power 
detector and additional control circuitry increase system complexity and cost. 
The use of a power detector is also difficult in variable envelope modulation 

20 schemes (such as CDMA) in which the input power has short term variations 
that make it difficult to determine the input power instantaneously. 

In accordance with an aspect of the invention, the IF output power level 
is estimated from the gain control signal(s) used to control the variable gain 
elements (e.g., VGA 226 in FIG. 2) in the IF signal path. For many transmitter 

25 designs, the gains of the VGAs are controlled in a manner to provide improved 
linearity and noise performance. Each transmitter output power level typically 
corresponds to a particular set of gain settings for the (IF and RF) VGAs that 
achieve these performance objectives. 

FIG. 6 shows a graph of the IF output power level (i.e., from IC 202 in 

30 FIG. 2) versus IF gain control for a specific transmitter design. For this graph, 
the gains of other circuits in the IF signal path are maintained at their normal 
gain settings. The graph in FIG. 6 can be obtained through circuit simulation or 
can be determined by empirical measurements (i.e., characterization) of many 
ICs. Each of the values plotted represents the maximum IF output power level 

35 under various specified operating conditions for a given IF gain control value. 
In accordance with good engineering practice and for a conservative circuit 
design, it is preferable to over estimate the IF output power level (which can 
result in consumption of more current than optimal) rather than to under 
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estimate the output power level (which can result in performance degradation). 
As shown in FIG. 6, the IF output power level varies by approximately 90 dBm 
over an IF gain control voltage range of approximately 0.1 to 2.4 volts. The 
measured IF output power levels are later used to adjust the bias current of the 
5 circuits in the RF signal path. 

In the specific implementation shown in FIG. 6, the entire gain range for 
the transmitter is provided by the IF VGA. In other transmitter 
implementations, the gain range can be divided between the IF and RF VGAs. 
Because of the stringent power control setting mandated by the IS-95-A 

10 standard, the transmitter output power is sometimes calibrated at the factory. 
This calibration can be achieved by programming the gain control signals with 
known (i.e., digital) control values and measuring the output power from the 
transmitter. A table is then generated that maps each output power level to a 
set of (digital) control values. Thereafter, to set the transmit power at a 

15 particular power level, the table is accessed, the set of control values 
corresponding to the particular power level is retrieved, the retrieved control 
values are provided to the gain control circuit, the gain control signals are 
generated based on the control values, and the gains of the VGAs are adjusted 
with the gain control signals. For this transmitter implementation, the 

20 transmitter output power level and the input power levels at various locations 
along the transmit signal path can be accurately inferred from the gain control 
signals. However, even without the factory calibration, the input power levels 
can usually be estimated, to a sufficient degree of accuracy, from the gain 
control signals. 

25 The power level at the input of IC 204 is related to the IF output power 

level from IC 202, minus the additional losses due to circuit elements coupled 
between these ICs. The additional losses are mainly due to the insertion loss of 
filter 232, but also include transmission line loss and other losses. The losses of 
these circuit elements are typically not known with a great deal of accuracy. 

30 Referring to FIG. 2, filter 232 is typically implemented using a discrete 

filter. The insertion loss of the filter varies from one unit to another, and from 
one transmitter design to another. Consequently, some uncertainty exists as to 
the actual amplitude of the signal from the filter. As described above, in some 
transmitter implementations, the transmit signal path is characterized by 

35 empirical measurements performed at the factory, and the insertion loss of the 
filter is taken into account. However, even when no calibration is performed, 
the variation in the filter insertion loss is typically small and can be neglected. 
To provided additional safety margins, the bias currents of the circuits in the 
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transmit signal path following the filter can be set slightly higher to account for 
the uncertainty in insertion loss. 

In an embodiment, for a worse case (i.e., conservative) design, the 
additional losses due to circuit elements between ICs 202 and 204 are presumed 
5 to be 0 dB (i.e., no loss), which may result in a larger estimated input power 
level at the input of the RF signal path. This 0 dB loss assumption will likely 
have minor impact since the additional losses (e.g., typically several dBs) are 
small relative to the large range of the input power levels (e.g., 90 dB) for the 
KF signal path. 

10 FIG. 7 shows a plot of the minimum bias current I biawnin for a particular 

active circuit (e.g., buffer 242, mixer 244) in the RF signal path versus the IF 
gain control for a specific transmitter design. This plot can be generated from 
the plot of the bias current 1^ versus input power level P ta of the RF signal path 
(see FIG. 5) and the plot of the IF output power level (IF P out ) versus IF gain 

15 control (see FIG. 6). Again, the P to of the RF signal path is estimated to be equal 
to the P^ of the IF signal path (i.e., P ouk = PJ. Li FIG. 7, the minimum bias 
current 1^^ is normalized such that the maximum bias amount is set to 1.0, 
which is also referred to as the full-scale value. At low P^ power levels, the 
required bias current approaches zero. 

20 For many transmitter designs, it is impractical to operate the circuit at 

the minimum bias current Ib iaS/min . This may be due to a number of factors, such 
as variations in circuit performance (e.g., bandwidth and gain) over operation 
conditions (e.g., time, temperature, and supply voltages). Moreover, circuit 
performance typically varies from IC to IC due to component tolerance. Thus, 

25 to account for these factors, the actual or nominal bias current for the circuit is 
set higher than the minimum bias current. 

FIG. 7 also shows a plot of the nominal bias current 1^^ for the circuit 
versus IF gain control. As shown in FIG. 7, the nominal bias current I biaS/nom is set 
higher than the minimum bias current l biaStBta ^ The additional bias current, 

30 which is also referred to as the over-bias current, accounts for various factors 
such as error in the estimate of the actual input power level into the circuit, and 
so on. The additional bias current ensures that the circuit is sufficiently biased 
for correct operation and to provide the required level of linearity over 
operating conditions and component variations. The amount of over-bias can 

35 be selected such that performance is maintained without excessively sacrificing 
potential current savings. In an embodiment, the amount of over-bias is 
dependent on the input power level (which is related to the IF gain control). 
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Specifically, the amount of over-bias being smaller (i.e., percentage wise) at 
greater bias current levels. 

In the embodiment shown in FIG. 7, the nominal bias current 
reaches an asymptotic upper value 1^ above a point 702 and an asymptotic 
5 lower value 1^ below a point 704. In a specific embodiment, 1^ is set 
approximately five percent higher than the full-scale value or a normalized 
value of approximately 1.05. The amount of over-bias is selected to be small at 
high input power levels because high bias current is already provided to the 
circuit. In a specific embodiment, 1^ is set at a particular percentage (e.g., 10 to 

10 50 percent) of either the full-scale or 1^ value. The bias current typically affects 
the frequency response and the bandwidth as well as the linearity of the circuit 
Thus, limiting the bias current to 1^ or greater ensures that the circuit has the 
required performance (e.g., the required signal bandwidth) at all times. 

The plot of the nominal bias current in FIG. 7 resembles a hyperbolic 

15 function between a maximum value I^ and a minimum value 1^. In an 
embodiment, 1^ and I^ are programmable current values. 

Referring back to FIG. 2, in accordance with an aspect of the invention, 
the bias currents of some of the circuit elements (e.g., buffer 242, mixer 244, and 
VGA 246) in the RF signal path are determined based on the IF gain control 

20 signal, which is indicative of the input power level into the RF signal path, as 
described above. 

. The bias currents of some other circuit elements (e.g., PA driver 250) in 
the RF signal path can be determined based on the IF and RF_gain control 
signals. The RF gain control signal determines the gain of RF VGA 246, which 

25 affects the power level within the RF VGA and the input power level of 
subsequent circuits. The gain of RF VGA 246 versus RF gain control can be 
simulated or empirically determined in a similar manner as for the IF VGA. 
The gains of preceding circuit elements (e.g., buffer 242 and mixer 244) can also 
be determined. Thereafter, for a particular set of IF and RF gain control values, 

30 the power level from the RF VGA can be estimated from (1) the input power 
level P ta into IC 204, which is estimated from the IF gain control, (2) the gains of 
buffer 242 and mixer 244, which are typically fixed values, and (3) the gain of 
the RF VGA, which is determined from the RF gain control value. 

. FIG. 8 shows a schematic diagram of an embodiment of a bias control 

35 circuit 800 used to generate a bias current \ las having a transfer function 
resembling the hyperbolic function shown in FIG. 7. The bias current 
generated by bias control circuit 800 can be used for one circuit in the RF signal 
path, such as IF buffer 242, mixer 244, RF VGA 246, or PA driver 250 in FIG. 2. 
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Within bias circuit 800, a first differential pair comprising transistors 
812a and 812b receives the differential gain control signals V c + and V c -, 
respectively. The differential control signals V c - and V c + can correspond to 
either the IF or RF gain control signal. The emitters of the first differential pair 
5 couple to a current source 814 that sets the maximum bias current 1^. A 
second differential pair comprising transistors 822a and 822b receives the 
differential gain control signals V c - and V c +, respectively. The emitters of the 
second differential pair couple to a current source 824 that sets the minimum 
bias current I^. The collectors of transistors 812a and 822a couple together to 

10 form the signal path for the bias current 1^. Similarly, the collectors of 
transistors 812b and 822b couple together to form the signal path for the 
complementary bias current. 

As shown in FIG. 8, current sources 814 and 824 can each be designed to 
be adjustable or programmable to allow for adjustment of 1^ and 1^. In a 

15 specific embodiment, each programmable current source is implemented with a 
bank of transistors that are selectively enabled based on a set of digital control 
values. The amount of current provided by the current source increases as 
more transistors in the bank are enabled. The current in the current source .can 
be accurately set by using a current mirror, with the reference current in the 

20 current mirror being set by a bandgap reference circuit and an accurate (e.g., 
discrete, external) resistor. The use of the bandgap reference circuit and current 
. mirror in this manner is known in the art and not described in detail herein. 

In a specific embodiment, each programmable current source is 
controlled by a digital-to-analog circuit (DAC). The DAC provides a control 

25 signal based on a set of digital control values. The control signal then 
determines the amount of current provided by the current source. 

For a particular active circuit (e.g., PA driver 250 in FIG. 2) in the 
transmit signal path having a bias current that may be dependent on two or 
more gain control signals, the bias control circuit shown in FIG. 8 can be 

30 replicated for each control signal. The 1^ signal paths for all bias control 
circuits are coupled together, and the complementary 1^ signal paths of all bias 
control circuits are also coupled together. The 1^ and 1^ currents 
corresponding to each gain control signal can be set based, for example, on the 
input power versus gain control transfer function determined above for the 

35 gain control signal. 

FIG. 8 indicates that the bias current can be continuously adjusted in 
accordance with the gain control signal. In some transmitter embodiments in 
which one or more VG As are adjusted in coarse increments, the bias currents of 
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the circuits in the transmit signal path (including the PA driver) can be adjusted 
based on the coarse gain setting. At high input power levels, which generally 
correspond to high VGA gains, more bias current is needed for the larger signal 
swing. The transmitter recognizes the need for more bias current when the 
5 VGA gain is set to a high gain setting, and uses this information to increase the 
bias current of the circuit This design conserves (battery) power by reducing 
bias current in the circuit when the input power level is low. 

Referring back to FIG. 2, the gain of IF VGA 226 affects the power level 
at the inputs of subsequent circuits (after VGA 226) in the transmit signal path, 

10 including IF buffer 242, mixer 244, RF VGA 246, and PA driver 250. Thus, the 
bias currents of these circuits can be adjusted in accordance with the IF gain 
control signal that sets the gain of IF VGA 226. Similarly, the gains of VGAs 
226 and 246 affect the power level at the inputs of subsequent circuits (after 
VGA 246) in the transmit signal path, including VGA 246 and PA driver 250. 

15 Thus, the bias current of these circuits can be adjusted in accordance with IF 
and RF gain control signals. Generally, the bias current of any particular active 
circuit in the transmit signal path can be adjusted based on the gain control 
signal(s) of the variable gain elements preceding that circuit This can be 
achieved since the bias control and gain control variations tend to track. One or 

20 more variable gain elements can be neglected in setting the bias current For 
example, the bias current of PA driver 250 can be adjusted based solely on the 
gain of VGA 246, or solely on the gain of VGA 226, or the combined gain of 
both VGAs 226 and 246. 

The bias control mechanism of the invention can also' be used to adjust 

25 the bias currents of peripheral circuits in the transmitter, such as the buffers for 
the local oscillators (e.g., the buffers used to provide the IF LO and the RF LO in 
FIG. 1). The bias current of a particular peripheral circuit can be adjusted based 
on the amplitude of the signal on which the circuit is designed to operate (albeit 
indirectly). The power level amplitude can be estimated from the gain control 

30 signal provided to the variable gain element(s) located "upstream" in the signal 
path. For example, the bias current of the buffer for the RF LO can be made 
dependent on the IF gain control signal. 

Table 1 tabulates the total bias current of the circuits in the RF signal 
path for a specific transmitter embodiment. Other transmitter embodiments 

35 are also possible and are within the scope of the invention. For this specific 
embodiment, in the sleep mode, the transmitter is turned off by shutting off the 
bias current to most circuits in the transmit signal path. In the idle mode, the 
circuits are bias in preparation for operation, but no transmissions occur. The 
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cellular and PCS modes operate on two frequency bands, and may be 
characterized by the use of different LO frequencies and different PAs. 



Table 1 



Mode 


InDuf Power 

into RF Signal 
Path 


RF VGA Gain 

XVI. V VjiJL VJfll I k 


Total RiflQ 

Current of RF 
Signal Path 


Sleep 


X 


X 


<lMA 


Idle 


X 


X 


6mA 


Cellular 


Low 


Low 


35 mA 


Low 


High 


41mA 


High 


Low 


78 mA 


Hi*h 


High 


91mA 


PCS 


Low 


Low 


34 mA 


Low 


High 


42 mA 


High 


Low 


74 mA | 


High 


High 


92 mA 



5 

In FIGS. 1 and 2, the (analog) gain control signals provided to the VGAs 
are ■ also provided to the bias control circuits. In some transmitter 
embodiments, each gain control signal is generated by a DAC based on an 
input digital control value. The transmitter can also be designed such that the 

10 bias control circuits receive the digital control values, instead of the (analog) 
gain control signals, from the gain control circuit. 

As shown in FIG. 2, bias control circuits 260a and 260b are implemented 
within IC 204 that implements the RF signal path. However, these circuits can 
also be implemented within a separate IC, or integrated within other circuits 

15 such as digital processor 210. 
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The foregoing description of the preferred embodiments is provided to 
enable any person skilled in the art to make or use the present invention. 
Various modifications to these embodiments will be readily apparent to those 
5 skilled in the art, and the generic principles defined herein may be applied to 
other embodiments without the use of the inventive faculty. Thus, the present 
invention is not intended to be limited to the embodiments shown herein but is 
to be accorded the widest scope consistent with the principles and novel 
features disclosed herein. 

.0 

WE CLAIM: 
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CLAIMS 

1. A method of controlling a bias current of an active circuit in a 
2 transmit signal path comprising: 

receiving at least one gain control signal, each gain control signal 
4 indicative of a signal gain of a variable gain element located prior to the active 

circuit in the transmit signal path; 
6 estimating a signal level of an input signal provided to the active circuit, 

wherein the estimated input signal level is based, in part, on the received at 
8 least one gain control signal; 

determining a bias current for the active circuit based, in part, on the 
10 estimated input signal level; and 

biasing the active circuit with the determined bias current. 

2. The method of claim 1, wherein the input signal is provided from a 
2 first integrated circuit and the active circuit is implemented on a second 

integrated circuit. 

3. The method of claim 1, wherein the transmit signal path includes one 
2 variable gain element having a variable gain determined an IF gain control 

signal. 

4. The method of claim 1, wherein the transmit signal path includes an 
2 IF portion coupled to a RF portion, and wherein the signal gain relates to the IF 

portion and the active circuit is implemented within the RF portion. 

5. The method of claim 4, further comprising: 

2 characterizing an output signal level of the IF portion versus the at least 

one gain control signal. 

6. The method of claim 5, wherein the input signal level is estimated as 
2 equal to the characterized output signal level from the IF portion. 

7. The method of claim 1, further comprising: 

2 limiting the determined bias current to within a range defined by an 

upper bias current and a lower bias current. 
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8. The method of claim 7, wherein the lower bias current is set at 
2 between 10 to 50 percents of the upper bias current. 

9. The method of claim 1, wherein the determined bias current 
2 approximately tracks the variation of the input signal level versus the received 

at least one gain control signal. 

10. The method of claim 1, wherein the determined bias current versus 
2 the received at least one gain control signal approximately conforms to a 

hyperbolic transfer function. 

11. The method of claim 1, wherein the determined bias current is 
2 selected to achieve a level of linearity that conforms to an adjacent channel 

power rejection ACPR specification defined by IS-95-A standard. 

12. The method of claim 1, wherein the determined bias current is 
2 compensated for temperature and power supply variations. 

13. The method of claim 1, wherein the bias current is determined based 
2 on gain control signals for all variable gain elements located in the transmit 

signal path prior to the active circuit. 

14. The method of claim 1, wherein the active circuit is a mixer. 

15. The method of claim 1, wherein the active circuit is a buffer or 
2 amplifier. 

16. A method of controlling a bias current of an active circuit in a 
2 transmit signal path of a cellular transmitter comprising: 

receiving at least one gain control signal, each gain control signal 
4 indicative of a signal gain of a variable gain element located prior to the active 

circuit in the transmit signal path; 
6 estimating a signal level of an input signal provided to the active circuit, 

wherein the estimated input signal level is based, in part, on the received at 
8 least one gain control signal, and wherein the input signal is provided from a 
first integrated circuit and the active circuit is implemented on a second 
10 integrated circuit; 
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determining a bias current for the active circuit based, in part, on the 
12 estimated input signal level; 

limiting the determined bias current to within a range defined by an 
14 upper bias current and a lower bias current, wherein the lower bias current is 

set to a percentage of the upper bias current; and 
16 biasing the active circuit with the limited bias current. 

17. A transmitter comprising: 

2 at least one variable gain element implemented on a first integrated 

circuit; 

4 at least one active circuit implemented on a second integrated circuit, 

wherein an output of the first integrated circuit operatively couples to an input 
6 of the second integrated circuit; 

a gain control circuit coupled to the at least one variable gain element, 
8 the gain control circuit configured to provide a gain control signal for each 

variable gain element; and 
10 a bias control circuit coupled to the gain control circuit and to selected 

ones of the at least one active circuit, the bias control circuit configured to 
12 receive at least one gain control signal and to provide a bias signal for each 
selected active circuit, wherein the bias signal for a particular active circuit is 
14 generated in accordance with one or more gain control signals for one or more 
variable gain elements located prior to the particular active circuit in the 
16 transmit signal path. 

18. The transmitter of claim 17, wherein each variable gain element is 
2 implemented with a variable gain amplifier (VGA), an attenuator, or a 

multiplier. 

19. The transmitter of claim 17, wherein the at least one active circuit 
2 includes a mixer. 

20. The transmitter of claim 17, wherein the at least one active circuit 
2 includes a buffer or an amplifier. 

21. The transmitter of claim 17, wherein each bias control circuit 
2 comprises: 

a pair of current sources, one current source configured to provide a first 
4 bias current and the other current source configured to provide a second bias 
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current, wherein the bias signal provided by the bias control circuit is limited to 
6 a value between the first and second bias currents. 

22. Hie transmitter of claim 21, wherein each bias control circuit further 
2 comprises: 

a pair of current steering differential pairs, one current steering 
4 differential pair coupled to each current source. 

23. The transmitter of claim 21, wherein the current sources are 
2 programmable. 

24. The transmitter of claim 17, further comprising: 

2 a bandgap reference source coupled to the at least one bias control 

circuit 

25. A transmitter in a cellular telephone comprising: 

2 at least one variable gain element implemented on a first integrated 

circuit; 

4 at least one active circuit implemented on a second integrated circuit, 

wherein an output of the first integrated circuit operatively couples to an input 
6 of the second integrated circuit; 

a gain control circuit coupled to the at least one variable gain element, 
8 the gain control circuit configured to provide a gain control signal for each 

variable gain element; and 
10 at least one bias control circuit coupled to the gain control circuit and to 

selected ones of the at least one active circuit, the bias control circuit configured 
12 to receive at least one gain control signal and to provide a bias signal for each 
selected active circuit, wherein the bias signal for a particular active circuit is 
14 generated in accordance with one or more gain control signals for one or more 
variable gain elements located prior to the particular active circuit in the 
16 transmit signal path, and wherein each bias control circuit includes 

a pair of current sources, one current source configured to 
18 provide a first bias current and the other currant source configured to 

provide a second bias current, wherein the bias signal provided by the 
20 bias control circuit is limited to a value between the first and second bias 

currents, and 

22 a pair of differential pairs, one differential pair coupled to each 

current source. 
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